Mitochondrial uncoupling protein (UCP), mitochondrial transporters, function as a proton channel and increase thermogenesis. UCP1 is expressed in brown adipose tissues (BAT), UCP2 is widely expressed in multiple tissues, while UCP3 is expressed in skeletal muscle. Thus, UCPs, especially UCP3, in skeletal muscles is a good candidates for prevention of obesity and diabetes. However, the role of UCP3 in skeletal muscle for energy expenditure and obesity has been controversial. There is some evidence that the UCP3 is possibly regulated by energy substrate, such as lipid and glucose. These observations suggest that increased energy substrate entry in muscle results in an increase in UCP3 expression which leads to an increase in energy expenditure.
INTRODUCTION
Regulation of body weight involves coordination of dietary intake and energy expenditure. Therefore, energy expenditure plays an important role for maintenance of body weight. Basal metabolic rate (BMR), physical exercise, and thermogenesis represent the three components of energy expenditure.
In the resting state, BMR represents 70% of the total energy expenditure (1) . BMR involves the obligatory energy costs of all cellular functions such as maintenance of ion gradients and protein synthesis. Physical activity varies according to the behavior of the individual. Thermogenesis, defined as energy expenditure above BMR in the resting state, is dependent on food intake, smoking, and exposure to cold. It appears to be very effective to raise the thermogenesis to prevent obesity. Presently, mitochondrial uncoupling protein (UCP) is considered to play pivotal roles in thermogenesis (2) . UCP1 is a brown adipose tissue (BAT) specific mitochondrial inner membrane transporter which dissipates the proton gradient, producing heat (2) . The thermogenic function of UCP1 in vivo was demonstrated by several groups working on transgenic or knock out mice (3, 4) . Gene knockout mice lacking UCP1 develop hypothermia when exposed to cold, essentially confirming that UCP1 plays an important role in mediating cold exposure induced nonshivering thermogenesis (4). Furthermore, Kopecky et al. reported that fat mass is reduced in fat-specific UCP1 overexpressed transgenic mice (3). However, in humans, BAT is observed only in neonates, and is poorly developed in adults (5) . Since BAT is very scarce in human adults, the role of UCP1 in human energy expenditure has been controversial. Indeed, it has been estimated that skeletal muscle, liver and white adipose tissue (WAT) are the major peripheral tissues that regulate energy homeostasis and thermogenesis in adult humans (6) .
Recently, three additional isoforms were cloned. In contrast to UCP1, UCP2 (7, 8) is widely expressed in multiple tissues (WAT, BAT, kidney, lung, placenta, lymphocytes, intestine, heart, liver) and UCP3 (9-11) is expressed at high levels in skeletal muscle as well as BAT, and UCP4 is expressed exclusively in the brain (12) . Skeletal muscle is an important site of regulated thermogenesis (13) where dissipation of the mitochondrial proton gradient has been reported to contribute up to 50% of the resting metabolic rate (14) .
Thus, UCPs, especially UCP3, in skeletal muscles is a matter of particular interest in human thermogenesis and obesity. The deduced amino acid sequence of human UCP3 is 57%, 73% and 34%, of UCP1, UCP2, and UCP4, respectively (9, 12) . The human UCP3 gene is located on chromosome 11q13, the UCP2 gene is downstream of the UCP3 gene, and the distance between the two genes is 7 kb. UCP3 gene has 7 exons and has two different transcripts, a long form (UCP3L, 312aa) and a short form (UCP3s, 275 aa), respectively (15) . UCP3 contains six transmembrane domains and has a potential purine nucleotide binding region.
At present, many studies of UCP3 including knockout and overexpressed UCP3 mice have been reported. Here, we will review and discuss the regulation of UCP3 expression and its function.
FREE FATTY ACID UP-REGULATES UCP3 EXPRESSION
In skeletal muscle, increased amounts of lipids are correlated with reduced skeletal muscle and whole body insulin action (16) . Thus, reduction of triglyceride content in skeletal muscles may prevent development of diabetes mellitus.
To prevent excessive accumulation of triglyceride in skeletal muscles and obesity, the physiological role and the regulatory expression of UCP3 in skeletal muscle has been extensively studied. Many studies revealed that circulating free fatty acids (FFA) regulated the expression of UCP3 mRNA. Since there is a strong positive correlation between FFA levels in blood and UCP3 expression levels in skeletal muscles, FFA may be the most important regulator of UCP3 in skeletal muscle.
Fasting is known to cause an increase in fatty acid oxidation (17) . In skeletal muscle, fasting produces a marked increase in UCP3 mRNA expression in rats (10, 18) , mice (19 ) and human (20) .
Samec et al. also reported that increased UCP3 mRNA in skeletal muscle in response to fasting and a subsequent decrease in response to refeeding parallel changes in blood FFA levels (21) . In 46 h fasted rats, the administration of the antilipolytic agent, nicotinic acid, which completely prevented the fasting-induced increase in FFA, decreased UCP3 mRNA expression in the soleus muscle (22) .
Kageyama et al. reported that UCP3 mRNA expression in the gastrocnemius muscle was elevated in streptozotocin (STZ)-diabetic rats and plasma concentrations of FFA were significantly increased in STZ-diabetic rats (23) . More directly, Weigle et al. showed fatty acid loading by infusion of intralipid with heparin up-regulates UCP3 mRNA in skeletal muscle in vivo (24) . In humans, the mRNA expression of UCP3 was positively and linearly correlated with circulation FFA (25).
The intracellular FFA level appears to reflect the circulating FFA level, because the skeletal muscle rapidly takes in circulating FFA.
There is some evidence that peroxisome proliferator-activated receptors (PPARs), the transcription factor regulated by lipid metabolites, may be involved in up-regulation of UCP3.
In muscle cells, FFA and lipid treatment up-regulated UCP3 mRNA expression in C2C12 cells (19) and L6 myotubes (26) . BRL49653, a ligand for the nuclear hormone receptor PPAR?, induces expression of UCP3 mRNA in C2C12 cells suggesting that PPAR? may regulate transcription of the UCP3 gene (19) . However, Nagase et al. suggested that UCP3 expression in L6 myocytes is activated by the PPARd, because neither WY14643 (PPARa ligand) nor troglitazone (PPAR? ligand) was effective in UCP3 mRNA induction in L6 cells (26) . In addition, to examine whether FFA-induced upregulation of UCP3 was mediated by increased intracellular FFA/acyl-CoA or increased mitochondrial β-oxidation of fatty acids, two studies have been conducted. The addition of a-bromopalmitic acid, an unmetabolizable fatty acid derivative, up-regulated UCP3 in L6 myotubes (26) and refeeding along with administration of methyl palmoxirate (an inhibitor of carnitine: palmitoyl transferase, which that blocks entry of FFA into mitochondria, and thereby increases blood FFA) prevented refeeding induced downregulation of UCP3 mRNA (19) . These findings suggest that accumulation of intracellular fatty acids or acyl-CoA may activate PPARs that lead to up-regulation of UCP3.
GLUCOSE METABOLISM AND UCP3 EXPRESSION
As well as fatty acids, it is also conceivable that an increased glucose entry in skeletal muscle results in an increase of UCP3. Several studies have reported findings to support this hypothesis. Exercise training consumes a large amount of ATP in skeletal muscles, in which fatty acids and glucose is utilized for energy supply. We reported that mice exercised for 2 weeks or in a single bout of swimming had 14~18-fold increases of UCP3 mRNA in skeletal muscles 3 h after the last swimming (27) . However, 22 h after exercise when the glucose uptake had returned to its basal level, the UCP3 mRNA increases observed in skeletal muscle 3 h after exercise had returned to sedentary levels.
GLUT4, the insulin responsiveglucose transporter, mediates the rate-limiting step of glucose metabolism in skeletal muscles and adipose tissues under physiological glucose concentrations (28) . The increased expression of GLUT4 in skeletal muscles (29, 30) and adipose tissues (31) results in increased intracellular glucose flux in these tissues and in improvement in whole body glucose tolerance. Expression of the GLUT4 transgene caused an increase in UCP3 mRNA that paralleled the increase in GLUT4 protein in the gastrocnemius muscle (32). Thus, overexpression of GLUT4 in skeletal muscle by transgenic mice up-regulated UCP3 mRNA expression in skeletal muscle.
In sciatic nerve-denervated gastrocnemius, expression of UCP3 mRNA decreased by 45% (27) . Denervation of skeletal muscle rapidly decreases GLUT4 mRNA (33) and GLUT4 protein (34) which leads to a decrease in glucose uptake. Lin et al. reported that UCP3 and GLUT4 mRNAs in rat skeletal muscles increased two-to three-fold between 6 and 24 h of cold exposure and then decreased to 50% of the control value after 6 days in the cold (35) .
There is some clinical evidence to support this hypothesis. In clinical studies, Krook et al. reported that the level of UCP3 mRNA in skeletal muscle of non-insulindependent diabetes mellitus (NIDDM) patients was lower than in control subjects (36) .
They also observed a positive correlation between UCP3 expression in skeletal muscles and whole-body insulin-mediated glucose utilization among NIDDM individuals. Similarly, Willi et al. reported the UCP3 level in skeletal muscle was positively correlated with carbohydrate oxidation and higher insulin-mediated glucose uptake (37) . These observations suggest that increased glucose entry in muscle results in an increase in UCP3 expression which leads to an increase in energy expenditure.
Therefore, the mechanisms of up-regulation of UCP3 by increased glucose uptake need to be clarified. The increased glycolysis due to increased glucose uptake increases the citrate concentration (38) . Citrate activates acetyl-CoA carboxylase (ACC) that leads to an increase malonyl-CoA concentration.
Since malonyl-CoA is an inhibitor of CPT1, an increase of malonyl-CoA prevents fatty acid β-oxidation in mitochondria (39) .
Thus, accumulation of fatty acids or fatty acyl-CoA in cytosol may activate PPARs as observed in an increased blood FFA. Alternatively, an increased tricarboxylic acid cycle and ATP production by an increased glycolysis may give a signal to overexpress UCP3. Thus, UCP3 expression may be stimulated when a large amount of glucose or FFA influx occurs in skeletal muscles to prevent excessive production of ATP and to maintain ATP and ADP homeostasis.
In contrast, it is also possible that increased UCP3 or a signal that increases UCP3 expression may result in an increase of glycolysis. Recently, it was shown that decreased ATP and/or phosphocreatine that lead to activation of AMP-kinase, then stimulate glucose uptake by the translocation of GLUT4 from the intracellular site to the plasma membrane (40) . In isolated skeletal muscles, conditions that decrease ATP and phosphocreatine, including contraction, hypoxia, 2,4-dinitrophenol (DNP), rotenone, and hyperosmolarity, increased AMP-kinase and glucose uptake (41) . Thus, it is possible that an increase in UCP3 may lead to a decrease in ATP, then an increase in glucose uptake.
In agreement with this, Fischer et al. showed that overexpression of UCP3 in L6 cells increased 2-deoxyglucose uptake (42) .
Increased expression of UCP3 in GLUT4 overexpressed mice might be mediated by AMP-kinase activation through unknown mechanism(s).
ROLE OF UCP3 IN THERMOGENESIS AND OBESITY
Although many studies of UCP3 expression have been reported, it has not been established whether UCP3 plays an important role in thermogenesis in vivo. In obese Zucker fa/fa rats (43) and Wister fatty rats (44) relative to their control lean rats, the UCP3 expression level in skeletal muscle was decreased by 41% and 76%, respectively. In humans, Argyropoulos et al. showed that mutation and polymorphisms of the UCP3 gene were detected in severe obesity and NIDDM patients (45) . Furthermore, subjects heterozygous for the splice donor-stop polymorphism had markedly reduced fat oxidation and a high respiratory quotient. Schrauwen et al. showed a negative correlation between skeletal muscle UCP3 expression and BMI, and a positive correlation between UCP3 mRNA levels and RMR in Pima Indians (46) . Vidal-Puig et al. reported that stabilization at reduced body weight in humans was associated with a decrease in UCP3 mRNA in skeletal muscle (47) .
However, no change in UCP3 in skeletal muscle has been reported in obese patients compared with lean patients (25, 48). Thus, the role of UCP3 in skeletal muscle for energy expenditure and obesity has been controversial.
Recently, two studies reported the analyze of UCP3 knockout mice (49, 50) .
UCP3 knockout mice reduced the uncoupling activity in skeletal muscle, and that its absence led to increased production of reactive oxygen species (ROS). Despite the lack of UCP3, the knockout mice were not obese and showed normal exercise tolerance, fatty acid oxidation, and cold-induced thermogenesis (49) and showed a normal circadian rhythm in body temperature and motor activity and had normal body temperature responses to fasting, stress, thyroid hormone, and cold exposure (50) . However, very recently, overproduction of UCP3 in skeletal muscles reduced body weight despite an increased intake of food (51) . The mice also exhibited striking reduction of adipose tissue mass and increased glucose clearance rate. Thus, contradictory findings were observed between knockout mice and overexpressed mice. These findings suggested that a novel, unidentified, uncoupling protein may be up-regulated in UCP3 knockout mice and this protein might have function to increase energy expenditure but not prevention of ROS.
Further studies, including analysis of intracellular fatty acid and glucose metabolites in skeletal muscles will be necessary to identify the critical molecule which regulates expression in skeletal muscle. Furthermore, studies including the identification of a novel uncoupling protein in skeletal muscles are required to ascertain the significance and physiological functions of UCP3.
